Experiments are presented on real-time probing of coherent electron dynamics in xenon initiated by strong-field double ionization. Attosecond transient absorption measurements allow for characterization of electronic coherences as well as relative ionization timings in multiple electronic states of Xe þ and Xe 2þ .
A high degree of coherence g ¼ 0.4 is observed between 3 P Electronic coherence in matter drives electronic motion that is faster than nuclear motion. Recent developments in attosecond light sources produced by high-harmonic generation have enabled the measurements of electronic motion at its natural timescale [1] [2] [3] . The past decade has witnessed a great success in the reconstruction of electronic wave packets in atomic and molecular systems [4] [5] [6] [7] [8] [9] [10] . One of the current frontiers in the investigation of electronic coherence is to unravel the coherence preparation mechanisms and ultimately to manipulate the electron dynamics and the subsequent nuclear dynamics [11] .
Pioneering experimental work using attosecond transient absorption spectroscopy has demonstrated that strong-field ionization (SFI) driven by few-cycle laser pulses is capable of launching coherent electronic wave packets in atomic valence orbitals [4, 5] . Among various optical excitation processes, SFI is of particular importance, as it is the first step in all strong-field phenomena such as above-threshold ionization and high-harmonic generation [12] . The coherence preparation mechanisms of SFI have been modeled using the static ionization rate by Ammosov-DeloneKrainov (ADK) theory [13] , and results comparable to those of full quantum calculations have been obtained [14] [15] [16] . On the other hand, an exact description of SFI requires inclusion of electron correlation, a fundamental many-body effect that is not captured within the single-active electron approximation. The term electron correlation is used in ionization dynamics to refer to an adaptation of bound electrons to a change in the binding fields after ionization; shakeup and shakeoff, for example, are well known as prominent effects [17] [18] [19] . The effect of electron correlation in SFI is manifested in ionization timings as demonstrated by attoclock experiments on sequential double ionization, which results in earlier emission of second electrons than predicted by an uncorrelated electronemission model [20, 21] . Although hints of electronic coherence produced by strong-field multiple ionization have been reported [22] , the effects of electron correlation on the formation of electronic coherence remain an open question.
In this Letter, we perform attosecond transient absorption spectroscopy on xenon in the multiple-ionization fieldintensity regime where the effect of electron recollisioninduced double ionization should be limited. the experiments are compared with numerical simulations based on an uncorrelated electron-emission model developed previously for sequential double ionization [14] . Neither the selectivity in coherence nor the subfemtosecond time delays of specific states are predicted in the model, a result suggestive of the role of electron correlation in strong-field double ionization.
A schematic of the experimental setup is shown in Fig. 1(a) . The near-infrared (NIR) output of a carrierenvelope phase stable Ti:sapphire laser system (800 nm, 1.8 mJ, 1 kHz) is focused into a neon-filled stretched hollowcore fiber. The spectrally broadened output (750 nm, 0.9 mJ, Δλ > 300 nm) is compressed temporally by compensating the dispersion with chirped mirrors and an ammonium dihydrogen phosphate plate [24] . A near-Fouriertransform-limit 3.5-fs pulse is characterized by a d-scan measurement [25] , and the peak field intensity estimated from the beam focus diameter (ϕ NIR ∼ 80 μm) is 7 × 10 14 W=cm 2 . Part of the beam is used to produce isolated attosecond extreme ultraviolet (XUV) pulses by high-harmonic generation in argon gas. The center photon energy of the XUV spectrum is 60 eV, and isolated attosecond pulses with a duration of 170 as have been previously characterized for similar spectra using streaking measurements [24] . The NIR and XUV pulses, linearly polarized along the same direction, are focused by a gold-coated toroidal mirror into an absorption gas cell filled with xenon gas at 6 Torr [26] . The beam focus diameter of the XUV pulse is ϕ XUV ∼ 20 μm. The transmitted XUV spectrum is measured by an x-ray spectrometer that consists of an aberration-corrected concave grating (Hitachi 010-0640) and an x-ray-sensitive CCD camera. The improved spectral resolution (< 30 meV) of the spectrometer from our earlier work [29] [30] [31] enables us to resolve congested absorption signals from multiple ionic states. The electron dynamics triggered by the NIR pump pulse are monitored by measuring the optical density difference ΔOD defined as the natural logarithm of the ratio between the spectra when the NIR pump is on and off. Active-delay stabilization is implemented to ensure long-term stability of the interferometer [32] and a delay jitter of ∼50 as is achieved throughout the measurements.
The energy-level diagram of xenon is shown in Fig. 1 (b). The electronic structure is computed using the Cowan suite of atomic structure codes [33] . In the experiments performed, few-cycle strong-field NIR pulses ionize electrons from the 5p valence shell (orange arrows), and the subsequent attosecond XUV pulses probe the valence dynamics by 4d-5p core-to-valence excitation (vertical arrows). Figure 1 (c) shows a static transient absorption spectrum plotted together with the calculated 4d-5p oscillator strengths. At the specified laser-field intensity, singly-, doubly-, and triply-charged ions are produced and characterized.
Electronic coherence is probed by promoting coherent population in the valence states to a common final state, which induces delay-dependent interference modulation in the absorption spectrum [4] . The depth of the modulation is associated with the degree of coherence g, whose definition is given as g ¼ jρ ij j= ffiffiffiffiffiffiffiffiffiffi ffi ρ ii ρ jj p , where ρ is the density matrix and the subscripts i and j are labels of the states. Perfect coherence corresponds to g ¼ 1, and complete incoherence yields g ¼ 0.
Figure 2(a) shows delay-dependent transient absorption spectra sampled from −5.0 fs to 70.6 fs at a step size of 400 as. A positive delay corresponds to the NIR pulse arriving prior to the XUV pulse, and vice versa for the negative delay. Delay-dependent quantum beats are clearly visible for several transient absorption peaks over the entire positivedelay range. Quantitative analysis is performed by taking a Fourier transformation along the delay axis [ Fig. 2(b) ]. Frequency components of 1.0 eV (4.1 fs) are found at four photon energies: 56.9 eV, 58.0 eV, 58.3 eV, and 59.3 eV. The PHYSICAL REVIEW LETTERS 120, 233201 (2018) 233201-2 observed quantum beats can be attributed to coherences from pairs of states with 1.0 eVenergy separation; i.e., either 3 P 2 -3 P 0 , or 3 P 1 -1 D 2 , or both [ Fig. 1(d) ].
For assignments of the electronic states and coherences, a density matrix-based method is employed to simulate delay-dependent absorption spectra [34] . The method was originally developed for the ð4pÞ −1 configuration of Kr þ , and here it is extended to include generalized ð5pÞ −n configurations of Xe nþ (n ¼ 1, 2, 3) [26] . Briefly, the electronic states are expressed in a density matrix, and the core-to-valence absorption signals are treated analytically, assuming the probing XUV pulse is a delta function. The diagonal elements of the density matrix are characterized by least-squares fitting to the static absorption spectrum [26] . Fig. 1(c)] . Accordingly, the discussion hereafter focuses on those three states in the 3 P J manifold.
Consideration of symmetry properties of the ion density matrix helps in limiting possible coherence pairs. It was shown that the density matrix possesses the following property [16] Note that this result is unique to Xe 2þ where m is an integer, and it is a generalization of a previous finding explained as the cancellation of ionization pathways [20] . Application of the rules to the 3 P J manifold leads to the conclusion that coherence can be produced only in two pairs of states, The simulated delay-dependent transient absorption spectra are shown in Fig. 2(c) . In the simulation, coherence is taken to be between
It is found that the single coherence reproduces the experimentally observed quantum beats, and the corresponding coreto-valence transitions are identified to be from the 3 P 2 and 3 fs) , indicating a major contribution of double ionization within one laser half-cycle [35] . This result contrasts with a delay measured between Kr þ and Kr 2þ , 1.19 AE 0.20 fs, which is almost equal to one half of a laser cycle [36] . The experimental results are compared with numerical simulations based on an uncorrelated electron-emission model [14] . Briefly, the ionic states are expressed in a density matrix. The action of the strong laser field is incorporated through the static ionization rate by ADK theory. The two ionization steps are treated independently, assuming there is no correlation between the released electrons. An empirical correction factor for the overthe-barrier ionization is added to the rate equations [37] .
The calculated electronic coherences are shown in Fig. 4(a) . The highest degree of coherence, g ¼ 0.44, is predicted between the states Fig. 4(b) ]. The delays for 3 P 2 , 3 P 0 , and 3 P 1 are 1.42 fs, 1.39 fs, and 1.38 fs, respectively. These delays are approximately equal to half of the optical cycle of the pump pulse, indicating a major contribution of ionization over two consecutive laser halfcycles. In addition, the simulations exhibit a weaker state dependence compared to what is detected by the experiments. Unexpectedly short delays have been observed in attoclock experiments for strong-field double ionization [20] , and later theoretical studies have shown that the cause is attributed to electron correlation [21] . The observed short time delays are compatible with the results of the attoclock studies, and the state dependence of the delays among the 3 P J manifold might be due to different degrees of contribution from electron correlation. Both the observed selectivity in coherence and the subfemtosecond time delays of specific states, neither of which is predicted by the uncorrelaled electron-emission model, are suggestive of the role of electron correlation in strong-field double ionization. Investigation into how electron correlation might alter the formation of electronic coherences is an important topic requiring further theoretical analysis. There are a few other possibilities missing from the uncorrelated electron-emission model. The most apparent is electron recollision-induced ionization, or nonsequential double ionization (NSDI) [38, 39] . Previous intensitydependent ion-yield measurements indicate that the present experimental field intensity (7 × 10 14 W=cm 2 ) is well into the sequential ionization regime for xenon [40] . An experimental comparison of the transient absorption spectra taken separately with linearly and circularly polarized NIR fields shows only a ∼50% reduction in the Xe 2þ signals [26] , which can be attributed just to the lower peak field intensity of the circularly polarized field. These observations indicate that sequential double ionization is a dominant process over NSDI in the present experiments. Another possibility is Stark shifts. On the grounds that the NIR laser field does not directly couple the valence 5p electrons to each other, Stark shifts are expected to be weak. In a previous theoretical study, Stark shifts in Xe þ have been evaluated to be negligible even at the saturation field intensity for Xe þ production [41] , and thus effects from Stark shifts are presently considered unimportant to the observed coherences.
In summary, we have experimentally investigated coherent electron dynamics in xenon initiated by strong-field double ionization. The all-optical transient absorption method employed here provides a successful strategy for the simultaneous characterization of electronic coherences and ionization timings in multiple electronic states. Selective preparation of electronic coherence has the potential to steer charge migration and accompanying bond rearrangement processes, a possibility that connects to the concept known as charge-directed reactivity [42] . We anticipate that the present study will provide an experimental benchmark for theoretical models to explain the unexplored roles of electron correlation in strong-field ionization dynamics. This material is based upon a work supported by the U.S. Army Research Office (ARO) (No. W911NF-14-1-0383) (Y. K., K. F. C., H. T.) and the National Science Foundation (NSF) (No. CHE-1361226) (M. R.). Y. K. also acknowledges financial support by the Funai Overseas Scholarship.
